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ABSTRACT
We study the optical and near-infrared luminosities and detectability of radioactively powered
electromagnetic transients (’macronovae’) occuring in the aftermath of binary neutron star
and neutron star black hole mergers. We explore the transients that result from the dynamic
ejecta and those from different types of wind outflows. Based on full nuclear network sim-
ulations we calculate the resulting light curves in different wavelength bands. We scrutinize
the robustness of the results by comparing a) two different nuclear reaction networks and
b) two macronova models. We explore in particular how sensitive the results are to the
production of α-decaying trans-lead nuclei. We compare two frequently used mass models:
the Finite-Range Droplet Model (FRDM) and the nuclear mass model of Duflo and Zuker
(DZ31).
We find that the abundance of α-decaying trans-lead nuclei has a significant impact on the
observability of the resulting macronovae. For example, the DZ31 model yields considerably
larger abundances resulting in larger heating rates and thermalization efficiencies and
therefore predicts substantially brighter macronova transients. We find that the dynamic
ejecta from NSNS models can reach peak K-band magnitudes in excess of −15 while those
from NSBH cases can reach beyond −16. Similar values can be reached by some of our
wind models. Several of our models (both wind and dynamic ejecta) yield properties that
are similar to the transient that was observed in the aftermath of the short GRB 130603B.
We further explore the expected macronova detection frequencies for current and future
instruments such as VISTA, ZTF and LSST.
1 INTRODUCTION
The recent, direct detection of gravitational waves (Abbott et al.
2016a) has finally opened the door to the long-awaited era of
gravitational wave (GW) astronomy. With a sky localization
uncertainty of ∼ 600 square degrees for the first event, however,
the astronomical environment (e.g. type of galaxy or ambient
medium density) in which the black hole (BH) merger took place
is essentially unknown. To extract this information, measure
the event’s redshift and to constrain the evolutionary channels
that lead to the merger in the first place one needs a coincident
electromagnetic (EM) signal.
While today the majority of LIGO-detectable sources is believed
to be binary black holes, advanced detectors should also be able
to observe compact binary systems (Belczynski et al. 2016) that
contain at least one neutron star (NS; either NSNS or NSBH; here-
after collectively referred to as compact binary mergers, CBMs).
In such mergers neutron star matter is decompressed and ejected
into space. Within the ejecta rapid neutron capture (r-process)
synthesizes a range of heavy elements (Lattimer & Schramm 1974;
Eichler et al. 1989; Rosswog et al. 1999; Freiburghaus et al. 1999)
up to and beyond the platinum peak near A=195. The subsequent
radioactive decay of the freshly synthesized r-process elements in
the expanding ejecta causes EM transients known as ”macronovae”
(MN)1 (Li & Paczyn´ski 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011). They are promising EM
counterparts of GWs (Metzger & Berger 2012), since they are
–contrary to gamma-ray bursts– close to isotropic and viewing
angle effects are only of order unity (Grossman et al. 2014). By
now, there are three cases where near-infrared excesses in the
aftermath of gamma-ray bursts have been interpreted as being due
to macronovae (Tanvir et al. 2013; Berger et al. 2013; Jin et al.
2015; Yang et al. 2015).
CBMs eject matter via several channels, see Fig. 1 and e.g.
Fernandez & Metzger (2015) and Rosswog (2015c) for recent re-
views. The best-studied channel (stage ”II” in Fig. 1) is the so-
called dynamic ejecta (Rosswog et al. 1999; Ruffert & Janka 2001;
Oechslin et al. 2007; Bauswein et al. 2013; Hotokezaka et al. 2013;
1 The same phenomenon is often referred to as ”kilonova”. We prefer
”macronova” (MN), since the phenomenon is not a thousand times brighter
than a nova, as originally thought. See Metzger (2016) for discussion of the
naming conventions.
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Figure 1. Overview of the different mass loss channels in both the NSNS and NSBH case.
Rosswog 2013; Lehner et al. 2016) that become unbound immedi-
ately at merger. They are launched by either gravitational torques
(”tidal component”) or, in the NSNS case, by hydrodynamic inter-
action at the interface between the stars (”interaction component”,
see Oechslin et al. (2007) and Korobkin et al. (2012)2). While the
tidal component carries away matter with the original, very low
electron fraction (Ye ≈ 0.04) which is set by cold β-equilibrium in
the original neutron star, the interaction component is heated and
can increase its Ye via positron captures e++n→ p+ ν¯e. Both sub-
components, however, share the property that they are hardly im-
pacted by neutrino irradiation (see e.g. Radice et al. 2016), simply
because they have already reached large distances from the rem-
nant before the neutrino luminosity starts rising in earnest (after
accretion torus formation at t > 10 ms after contact). Nevertheless,
for material that is not immediately ejected, weak interactions can
change the electron fraction substantially, see e.g. Wanajo et al.
(2014) who find a particularly large fraction of high Ye material in
the ejecta.
The dynamically ejected matter is complemented by baryonic
winds that are driven by neutrino-energy deposition, magnetic
fields, viscous evolution and/or nuclear recombination energy (Be-
loborodov 2008; Metzger et al. 2008; Dessart et al. 2009; Fernan-
dez & Metzger 2013a; Perego et al. 2014; Siegel et al. 2014; Just
et al. 2015; Ciolfi & Siegel 2015; Martin et al. 2015). If a com-
pletely or temporarily stable neutron star survives in the centre of
a merger remnant (see stage ”III” in Fig. 1) the neutrino- and the
magnetically driven winds are substantially enhanced in compari-
son to the case where a BH forms immediately. Simulations indi-
cate that a prompt collapse of the massive neutron star to a black
hole can be avoided in many cases (Baumgarte et al. 2000; Kaplan
2 See Fig. 2 in the latter publication for an illustration.
et al. 2014; Kastaun & Galeazzi 2015; Takami et al. 2014; Gondek-
Rosinska et al. 2016) even if the central mass substantially exceeds
the Tolman-Oppenheimer-Volkoff (TOV) limit. The calculations of
Shibata & Taniguchi (2006) and Hotokezaka et al. (2011, 2013)
indicate that prompt collapse is avoided, unless the initial mass of
the binary exceeds the TOV mass limit by more than ∼ 35%. The
two precisely determined neutron star masses near 2.0 M (J1614-
2230, Demorest et al. (2010) and PSR J0348+0342, Antoniadis
et al. (2013)), place this threshold value to at least 2.7 M. Thus,
a large fraction of the mergers may go through such a metastable
phase with a strong neutrino-driven wind phase and binaries at the
low mass end may even produce stable, very massive neutron stars.
Recent studies (Murguia-Berthier et al. 2014, 2016) indicate, how-
ever, that a BH needs to form on a time scale of less than ∼ 100
ms in order to launch a short GRB (stage ”V” in Fig. 1), otherwise
outflows will be baryon-overloaded and will not reach relativistic
speeds. Seconds after the burst the resulting BH-disk system can
release a good fraction of its disk (stage ”VI”). Recent work (Fer-
nandez & Metzger 2013a; Just et al. 2015) suggests that neutrinos
play a sub-dominant role for the mass loss once a BH has formed.
NSBH mergers (stage ”VII”) can release substantially more mat-
ter in dynamic ejecta than NSNS binaries (Rosswog 2005; Duez
et al. 2010; Deaton et al. 2013; Foucart et al. 2013; Kyutoku et al.
2013; Foucart et al. 2014; Bauswein et al. 2014). If a sufficiently
massive torus forms around the BH, it is expected that a jet can be
launched into a relatively unpolluted surrounding (stage ”VIII”).
But large BH-masses in combination with low spins may lead to
very small or no disks (Foucart 2012; Rosswog 2015c). On longer
times scales a fair fraction of the initial disk mass is expected to
become unbound (stage ”IX”), just as in the NSNS case.
Recently, a fast neutron component has been claimed to produce
a macronova precursor signal (Metzger et al. 2015). This model is
based on SPH simulations in the conformal flatness approximation
c© 2016 RAS, MNRAS 000, 1–??
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower right indicate the typical ejecta mass required to explain all r-process/all
r-process with A> 80/all r-process with A> 130 for a given event rate (lower panel per year and Milky Way-type galaxy, upper panel per year and Gpc3). Also
marked is the compiled rate range from Abadie et al. (2010) for both double neutron stars and neutron star black hole systems and (expected) LIGO upper
limits for O1 to O3 (Abbott et al. 2016b). The dynamic ejecta results from some hydrodynamic simulations are also indicated.
where a few particles are ejected early on with a high velocity from
the shear interface between the two merging neutron stars. While
such a precursor is a possibility, we do not see it in our simula-
tions and neither do, e.g., Lehner et al. (2016) in their recent GR
simulations. Therefore, we will not consider this possibility in the
following discussion.
Our knowledge of the rates of compact binary mergers is still
plagued by large uncertainties. Simple constraints can be derived
by assuming that they are related to the production of r-process
elements. If we take the solar-system r-process abundance pat-
tern (Arnould et al. 2007) as representative and define a quan-
tity σ(A) = ∑Ai>AX
r
Ai , where X
r
Ai is the r-process mass fraction
with nucleon number Ai and use a baryonic mass of Mb,MW =
6× 1011 M (McMillan 2011), we find that the Milky Way con-
tains ≈ 19000 M of r-process material in total. About Mr,>130 =
σ(130)Mb,MW = 2530 M of this matter has A > 130 and about
500 M are beyond the ”platinum peak” (A> 195). With an age of
the Galaxy of τMW ≈ 1010 yrs, this yields average production rates
of M˙r,all = 1.9×10−6 M yr−1, M˙r,A>130 = 2.5×10−7 M yr−1
and M˙r,A>195 = 5×10−8 M yr−1. The product of average ejecta
mass and event rate is known but the individual factors are not. This
is shown as lines from the upper left to the lower right in Fig. 2 (e.g.
r-process with A> 130 in red). As an example, if an event that pro-
duces all r-process A > 130 occurs at a rate of 10−5 yr−1 it has to
eject 2.5× 10−2 M each time. For comparison, some represen-
tative simulation results for both NSNS (Hotokezaka et al. 2013;
Bauswein et al. 2013; Rosswog 2013) and NSBH (Kyutoku et al.
2013; Foucart et al. 2014) are also indicated. We also translated the
rates from yr−1 MWEG−1 (bottom axis) to yr−1 Gpc−3 (axis on
top) via a density of 1.16× 10−2 MWEG Mpc−3 (Abadie et al.
2010). Here MWEG abbreviates ”Milky Way equivalent galaxy”.
Also indicated are the expected LIGO upper limits of science runs
O1-O3 (Abbott et al. 2016b). We have further marked the NSNS
merger rates from the population synthesis studies of Chruslinska
et al. (2016) and the range of sGRB rates estimated by Petrillo et al.
(2013).
The paper is organized as follows. In Sec. 2 we describe the
methodological elements that enter our study. We discuss in par-
ticular our hydrodynamic simulations, the used nuclear reaction
networks and our two macronova models. Section 3 presents our
results on nucleosynthesis and discusses the impact of different nu-
clear mass formulae on the resulting abundances, the thermaliza-
tion efficiency and the radioactive heating rates. We further present
optical and near-infrared lightcurves and we discuss the detection
c© 2016 RAS, MNRAS 000, 1–??
4 Rosswog et al.
feasibility, the follow-up of LIGO triggers and the use of GRB-
triggers to search for macronovae. Sec. 4 summarizes the main find-
ings of this study.
2 METHODOLOGY
In this study we explore macronova transients based on nuclear net-
work calculations along thermodynamic trajectories. We perform a
set of hydrodynamic simulations to obtain trajectories for dynamic
NSNS ejecta, for other cases we use a parametrized treatment with
numerical values based on existing hydrodynamic studies.
2.1 NSNS merger simulations
The simulations performed for this study make use of the Smooth
Particle Hydrodynamics method (SPH) (Monaghan 2005; Rosswog
2009; Springel 2010; Price 2012; Rosswog 2015b) coupled with a
temperature-dependent nuclear equation of state (Shen et al. 1998)
and an opacity-dependent multi-flavour neutrino leakage scheme
(Rosswog & Liebendo¨rfer 2003). This treatment includes in partic-
ular electron and positron captures and therefore the nuclear matter
can change its electron fraction Ye in the course of the merger. A
concise summary of the implemented physics and of our numerical
techniques can be found in Rosswog et al. (2013). The only notice-
able change is that we are using the Wendland C6 kernel (Wendland
1995; Schaback & Wendland 2006) together with 200 neighbours
per particle. We have recently scrutinized various ingredients in the
SPH method (Rosswog 2015a) and found that this kernel has ex-
cellent numerical properties and in particular drastically reduces
the noise in an SPH simulation in comparison to the cubic spline
kernel that is commonly used. The binary systems that are explored
are summarized in Table 1, each of them is modeled with 106 SPH
particles and the stars have negligible initial spin as expected in
nature due to the very short tidal interaction time and the low vis-
cosity of neutron star matter (Bildsten & Cutler 1992; Kochanek
1992). Our typical simulation time is ∼ 30 ms. As an example, a
series of snapshots from a NSNS simulation (1.3-1.3 M; run N2;
color-coded is the electron fraction Ye) is shown in Fig. 3.
2.2 Ejecta
We identify unbound matter in our hydrodynamic simulations by
the criterion v2a/2+ φa > 0 at the end of our simulation, where a
labels the SPH particle and v and φ are velocity and gravitational
potential. To double-check this criterion we compare with a crite-
rion based on the outward radial velocity being larger than the local
escape velocity. The ejecta masses based on both criteria agree with
each other to within∼ 2%. To have a robust upper limit, we also ex-
amine v2a/2+φa+ua > 0, where ua is the specific internal energy
of a particle a. The resulting mass is noted as mej,max in Table 1,
and it is used to set the upper limit that can be plausibly expected
for the electromagnetic signal from dynamic ejecta.
Studies that focus on the long-term evolution of accretion disks
around BHs (Wanajo & Janka 2012; Fernandez & Metzger
2013b,a; Just et al. 2015; Wu et al. 2016) find that a substantial
fraction (∼ 20%) of the initial torus can become unbound. Accord-
ing to Giacomazzo et al. (2013) the torus masses can, depending on
the initial mass ratio, be very large and reach multiples of 0.1 M.
Thus the unbound mass from accretion tori can be large and actu-
ally rival the dynamic ejecta masses of even asymmetric mass ra-
tio NSNS/NSBH mergers. The exploratory numerical studies, how-
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Figure 4. Explored parameter space for the parametric wind studies (differ-
ent winds are annotated, e.g., as ”W1” for wind 1). For the corresponding
parameters are summarized in Tab. 2. The black lines indicate the kinetic
energy in the winds with the line labeled ”50”, for example, indicating 1050
erg.
ever, suggest that the velocities are substantially lower than in the
dynamic ejecta case. Just et al. (2015), for example, find that the av-
erage velocities of the torus component never exceed 0.06 c, while
the dynamic ejecta in the NSBH cases can be larger than 0.2c, see
Table 1.
We subsume all the ejecta types other than dynamic ejecta under the
broad category ”winds”. Despite their different origin, they all have
in common that they are exposed for longer time to the neutrino ir-
radiation, therefore this material has a larger Ye and consequently
a different nucleosynthesis. In particular, such matter has a lower
content in those elements that are the major opacity sources (Kasen
et al. 2013; Tanaka & Hotokezaka 2013; Fontes et al. 2015). With
potentially different nuclear heating rates and lower opacities, these
winds are promising sources for EM transients, that could poten-
tially outshine the signals from the dynamic ejecta, if they are not
obscured by them. A first study by Fernandez et al. (2015) finds,
however, that due to their different velocities, the wind expansion
at large radii is not influenced by the dynamic ejecta.
Our parametric wind model contains four parameters: the wind
mass mw, the initial entropy s0, the electron fraction Ye and the
(terminal) wind velocity vw. To create initial conditions for the
network and subsequent macronova calculations, we also need a
starting temperature T0 and an initial radius R0. The starting tem-
perature is chosen as T0 = 9× 109 K, so that we are safely above
the threshold temperature for nuclear statistical equilibrium (NSE,
TNSE ≈ 5× 109 K). Thus, the initial abundance distribution is set
by NSE and, below 8× 109 K, the nuclear reaction network takes
over. The initial radius R0 is found by the requirement that the
average density ρ0 = 3mW /(4piR30) together with T0 reproduces
the desired initial entropy s0. To keep the parameter space un-
der control and motivated by the strongly peaked entropy distri-
bution of Perego et al. (2014, their Fig. 7), Just et al. (2015) and
Fernandez et al. (2015), we fix the initial entropy to values of 15
kB per baryon. Typical values for R0 are ∼ 650 km, in reason-
able agreement with the numerical studies of neutrino-driven winds
c© 2016 RAS, MNRAS 000, 1–??
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Figure 3. Electron fraction in a 1.3-1.3 M merger (model N2; only matter below orbital plane shown) at t= 7.06, 11.6 and 12.4 ms.
Table 1. Overview over the simulation parameters. Also shown are the resulting mass fractions of lanthanide (Xlan) and
actinide (Xact) elements. All NSBH cases start with an initial entropy of 2 kB/nuc and Ye= 0.06.
Dynamic ejecta NSNS mergers
Run m1 [M] m2 [M] tend [ms] mej [10−2M] 〈vej,∞〉 [c] mej,max [10−2 M] Xlan [10−2] Xact [10−2]
N1 1.2 1.2 32.1 0.79 0.12 3.17 17.22 5.06
N2 1.3 1.3 31.1 1.26 0.11 2.70 17.01 5.69
N3 1.4 1.4 38.3 0.84 0.11 2.25 17.93 6.03
N4 1.2 1.4 30.6 1.59 0.11 2.92 17.82 5.39
N5 1.4 1.8 25.3 3.40 0.12 4.76 16.90 7.57
Dynamic ejecta NSBH mergers
Run mns [M] mbh [M] χ mej [10−2M] 〈vej,∞〉 [c] Xlan [10−2] Xact [10−2] comment
B1 1.4 7.0 0.7 4.0 0.20 19.87 4.10 Foucart et al. (2014), run M14-7-S7
B2 1.4 7.0 0.9 7.0 0.18 19.27 4.83 Foucart et al. (2014), run M14-7-S9
B3 1.2 7.0 0.9 16.0 0.25 19.48 4.64 Foucart et al. (2014), run M14-7-S9
(Dessart et al. 2009; Perego et al. 2014). Since we are interested
here in exploring the lower opacity case, we restrict our study to
electron fractions above the threshold value for heavy r-process,
Ye,thresh = 0.25 (see Korobkin et al. 2012, their Fig. 8). From the
results shown in Perego et al. (2014), we expect terminal wind ve-
locities around 0.05 c. These numbers motivate our “wind 1” sim-
ulation. Once the parameters have been set, the density evolves ac-
cording to ρ(t) = ρ0(1+ vwt/R0)−3 and the temperature evolution
is calculated using the HELMHOLTZ equation of state (Timmes &
Swesty 2000) according to the entropy change from nuclear reac-
tions (Freiburghaus et al. 1999). The explored wind parameters are
given in Tab. 2 and visualized in Fig. 4.
2.3 Nucleosynthesis calculations
For each simulation we perform a nucleosynthesis calculation to
obtain the final abundance pattern and the nuclear heating rate ε˙nuc
that is needed for the macronova models. We calculate an average
out of 1000 randomly chosen hydrodynamic ejecta trajectories for
each of our merger simulations (N1 - N5). Since there is little vari-
ation between individual trajectories this is a fair representation of
the overall ejecta dynamics. These average trajectories are used in
the network calculations to obtain the nuclear energy generation
rate ε˙nuc that is used in the macronova calculation. For the dynamic
ejecta in the NSBH cases (run B1 - B3) and the winds we use the
above described expansion model. For the NSBH cases we apply
the parameters from the simulations of Foucart et al. (2014). For
the entropy and electron fraction they provide results for individual
trajectories that are near Ye = 0.06 and s = 2 kB/nuc. We choose
these values in our models, but stress that the nucleosynthesis (and
therefore the macronovae) in this regime is insensitive to the exact
numbers3. The parameters for the dynamic ejecta are summarized
in Table 1. Since what we subsume under ”winds” can have dif-
ferent physical origins, see the discussion above, we vary the wind
parameters in a wide range, see Table 2.
Our baseline nucleosynthesis calculations are performed with a
large nuclear reaction network WinNet (Winteler 2012; Winteler
et al. 2012) that is based on the BasNet network (Thielemann et al.
2011). It includes 5831 isotopes from nucleons up to Z = 111 be-
3 To illustrate this, have a look at Fig. 8 in Korobkin et al. (2012): all tra-
jectories with Ye < 0.15 yield practically identical nucleosynthesis results.
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Parametrized winds
run mW [M] Ye vw,∞ [c] Ekin [erg] Xlan Xact comment
wind 1 0.01 0.30 0.05 2.2×1049 1.61×10−7 < 10−15 insp. by Perego et al. (2014)
wind 2 0.01 0.25 0.05 2.2×1049 6.30×10−5 < 10−15 insp. by Perego et al. (2014)
wind 3 0.01 0.35 0.05 2.2×1049 < 10−15 < 10−15 insp. by Perego et al. (2014)
wind 4 0.05 0.25 0.05 1.1×1050 2.41×10−4 < 10−15 unb. disk material
wind 5 0.05 0.30 0.05 1.1×1050 2.45×10−7 < 10−15 unb. disk material; low-viscosity
wind 6 0.05 0.35 0.05 1.1×1050 < 10−15 < 10−15 unb. disk material; low-viscosity
wind 7 0.05 0.25 0.10 4.5×1050 4.28×10−5 < 10−15
wind 8 0.05 0.30 0.01 4.5×1048 1.57×10−4 < 10−15
wind 9 0.10 0.25 0.10 9.0×1050 7.70×10−5 < 10−15
wind 10 0.01 0.25 0.10 9.0×1049 3.49×10−5 < 10−15
wind 11 0.01 0.25 0.25 5.9×1050 2.13×10−2 6.34×10−6
wind 12 0.01 0.25 0.50 2.8×1051 7.50×10−2 1.66×10−3
wind 13 0.10 0.35 0.01 8.9×1048 < 10−15 < 10−15
wind 14 0.10 0.30 0.05 2.3×1050 1.35×10−7 < 10−15
wind 15 0.20 0.35 0.01 1.8×1049 < 10−15 < 10−15
wind 16 0.20 0.30 0.05 4.5×1050 8.39×10−8 < 10−15
wind 17 0.20 0.25 0.10 1.8×1051 1.27×10−4 < 10−15
wind 18 0.01 0.35 0.01 8.9×1047 < 10−15 < 10−15
wind 19 0.05 0.25 0.25 2.9×1051 3.91×10−4 < 10−15
wind 20 0.10 0.25 0.25 5.8×1051 4.95×10−5 < 10−15
wind 21 0.20 0.25 0.25 1.1×1052 3.20×10−5 < 10−15
Table 2. Parameters of the wind models. In all cases a specific entropy of 15 kB/nucleon is used, Xlan is the mass fraction in
lanthanides.
tween the neutron drip line and stability. The reaction rates are from
the compilation of Rauscher & Thielemann (2000) for the finite
range droplet model (FRDM) (Mo¨ller et al. 1995) and the weak in-
teraction rates (electron/positron captures and β-decays) are from
Fuller et al. (1982) and Langanke & Martinez-Pinedo (2001). In ad-
dition, the distribution of fission fragments from Kodama & Taka-
hashi (1975) is used as a default. Finally, we adopt neutron cap-
ture and neutron-induced fission rates of Panov et al. (2010) and
β-delayed fission probabilities of Panov et al. (2005).
The nucleosynthesis in the dynamic ejecta has been found to be ex-
tremely robust against variations of astrophysical parameters (Ko-
robkin et al. 2012), but the final abundance patterns are still sen-
sitive to variations of the nuclear physics such as fission distri-
butions, beta-decay rates and nuclear mass formulae (Mendoza-
Temis et al. 2015; Eichler et al. 2015; Goriely 2015; Barnes et al.
2016; Wu et al. 2016; Mumpower et al. 2016). For the dynamic
ejecta we explore the impact of the nuclear mass model on the
nuclear heating rate. Specifically, we compare the 31-parameter
Duflo-Zuker (DZ31) mass formula (Duflo & Zuker 1995) with the
Finite Range Droplet Model (FRDM; Mo¨ller et al. 1995). The ma-
jor effect in our context is a substantially enhanced trans-lead nu-
clei fraction for the DZ31-case, which leads to an increased nuclear
heating rate via α-decays (Barnes et al. 2016). These comparisons
are performed with the network described in detail in Mendoza-
Temis et al. (2015). It includes 7360 nuclei between the proton and
neutron drip-lines up to charge number Z = 110. For the nuclear
masses we use experimental values from the Atomic Mass Eval-
uation Wang et al. (2012) whenever available. Where available,
we use experimental alpha, beta decay and spontaneous fission
rates from the NUBASE (Audi et al. 2012) and NuDat2 databases
(http://www.nndc.bnl.gov/nudat2/) and theoretical predictions oth-
erwise. For the most relevant theoretical rates for the r-process, we
employ the beta-decay rates of Moller et al. (2003), the neutron-
capture and the reverse photo-dissociation rates of Mendoza-Temis
et al. (2015) for nuclei with Z 6 83 for different mass models, the
neutron-capture and neutron-induced fission rates of Panov et al.
(2010) for Z > 83 with FRDM mass model and Thomas-Fermi fis-
sion barriers, and the beta-delayed and spontaneous fission rates
of Petermann et al. (2012). The fission fragment distributions are
taken from Zinner (2007) calculated by the ABLA code, which
well reproduces available fission data and includes the possibility
of neutron emission before and after fission.
2.4 Macronovae
2.4.1 Scaling relations
The luminosity of a MN rises as more material becomes visible and
once all parts are transparent, one sees a decline in the luminosity
dictated by the nuclear energy generation rate, L ∝ ε˙nucmej. As a
guidance for the following discussion, we provide the scaling laws
that follow from simple arguments. After the neutron captures have
ceased (∼ 1 s after merger) the heating rate can to a reasonable ap-
proximation be described by a power law, ε˙nuc ∝ t−α, with a power
law index α ≈ 1.3 (Metzger et al. 2010; Roberts et al. 2011; Ko-
robkin et al. 2012; Hotokezaka et al. 2016). The peak emission is
reached when expansion and diffusion times are comparable which
yields (Grossman et al. 2014)
tpeak ≈ 4.9d
(
κ
10 cm2/g
mej
0.01 M
0.1 c
vej,∞
)1/2
(1)
for the peak time,
Lpeak ≈ 2.5×1040 ergs
(
ve j,∞
0.1 c
10 cm2/g
κ
)0.65( mej
0.01 M
)0.35
(2)
for the bolometric luminosity and
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Figure 5. Resulting element distribution for the wind models (left) and dynamic ejecta (right). The blue dots are the solar system r-process mass fractions.
Teff≈ 2200 K
(
10 cm2/g
κ
)0.4125(0.1 c
ve j,∞
)0.0875(0.01 M
mej
)0.1615
(3)
for the effective temperature where all exponents were evaluated
with α= 1.3.
2.4.2 Model 1
As our macronova model 1 (hereafter ’MNmodel1’) we employ a
model similar to the one used in Grossman et al. (2014) with a
spherically symmetric homologously expanding radial density pro-
file ρ(v) ∼ ρ0(1− v2/v2max)3. In this model, it is assumed that all
macronova energy originates from the layer above the so-called dif-
fusion surface, defined as the surface for which the average diffu-
sion time is equal to the time from the merger. Any photons travel-
ing below this diffusion surface are considered trapped and there-
fore invisible. The total luminosity is then taken to be the mass of
this layer times the instantaneous radioactive nuclear heating rate;
thermal emission from the layer is assumed to be lost to PdV ex-
pansion work and therefore neglected. In this sense, our model pro-
vides a conservative lower bound for the macronova emission. The
emitted spectrum has an effective temperature of the photosphere
at optical depth τph = 2/3.
Practically, the models inherit from the hydrodynamic calculation
the ejecta mass, the electron fraction and velocity and from the net-
work calculation the instantaneous nuclear heating rate ε˙nuc(t), as-
suming that a fixed fraction ( ftot = 0.5 = const) thermalizes at all
times while the rest is lost. Note that in model 1 we always use the
FRDM mass model (Mo¨ller et al. 1995).
A major uncertainty in the prediction of macronova transients are
the opacities of the expanding r-process material, which unfor-
tunately has the largest effect on the spectral energy distribution
(SED), see Eq. (3). Based on atomic structure models, Kasen et al.
(2013) argued that the opacity of expanding r-process material is
dominated by bound-bound-transitions from those ions that have
the most complex valence electron structure. They found in partic-
ular that even small amounts lanthanides have a large impact on the
opacities. For example, the neodymium opacities exceed those of
iron as long as their mass fraction XNd > 10−4. From their studies
based on four species, they conclude that a gray opacity of ≈ 10
cm2/g should be fairly effective for calculating bolometric light
curves. Similar conclusions were reached in a study by Tanaka &
Hotokezaka (2013). However, Kasen et al. (2013) and, more re-
cently, Fontes et al. (2015) point out that even this may be an un-
derestimate, and that the true value could even be an order of mag-
nitude larger.
We use the sum of lanthanide and actinide fraction, Xlan + Xact, to
decide which opacity value to use. Whenever it exceeds a limit-
ing value of 10−3, we use as fiducial value for the opacity in the
dynamic ejecta a value of κ = 10 cm2/g, otherwise we use κ = 1
cm2/g. The dynamic ejecta show a very large lanthanide fraction
of Xlan ≈ 0.18 while this value varies widely for the different wind
cases, see column seven in Table 2, but is in almost all cases below
the threshold value.
Since the current knowledge is based on expensive atomic structure
calculations of so far only a few ions, the opacity value for strongly
lanthanide-enriched material is likely subject to considerable un-
certainties. We therefore also explore how our brightest case, N3
with DZ31-mass model, would appear in the case of a substantially
larger opacity value (κ= 100 cm2/g).
2.4.3 Model 2
A major difference in macronova model 2 (’MNmodel2’) is that we
use time-dependent thermalization efficiencies. In addition, we can
switch between the FRDM and the DZ31 nuclear mass model. All
MNmodel2 calculations are performed with the Mendoza-Temis
et al. (2015) network. The effect of the DZ31 mass model is that a
larger fraction of trans-lead nuclei are produced and, as shown be-
low, this has a substantial impact on the nuclear heating rate at times
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around and after the macronova peak (t > 1 day). The thermaliza-
tion efficiencies have been explored in recent work (Hotokezaka
et al. 2016; Barnes et al. 2016). We apply here the thermalization ef-
ficiencies based on simple analytical estimates from the latter work.
The thermalization efficiency for photons is estimated as
fγ(t) = 1− exp
(
− 1
η2γ
)
, (4)
while for the massive particles (electrons, α-particles and fission
products) it reads
fi(t) =
ln(1+2η2i )
2η2i
. (5)
The quantity η is the ratio of time after the merger and the thermal-
ization time scale of the considered particle, ηk = t/τk. We use for
the different thermalization time scales
τγ = 1.40 m
1/2
5 v
−1
2 days (6)
τe = 7.40 m
1/2
5 v
−3/2
2
(
0.5 MeV
Ee
)1/2
days (7)
τα = 7.74 m
1/2
5 v
−3/2
2
(
6.0 MeV
Eα
)1/2
days (8)
τfis = 16.77 m
1/2
5 v
−3/2
2
(
125.0 MeV
Efis
)1/2
days, (9)
where m5 ≡mej/(5×10−3M) and v2 ≡ vej/(0.2c). In the follow-
ing, we evaluate the time scales τk at the characteristic scaling en-
ergies given above. The total thermalization efficiency is then given
by
ftot(t) =
ε˙β(t)
[
ζγ fγ(t)+ζe fe(t)
]
+ ε˙α(t) fα(t)+ ε˙fis(t) ffis(t)
ε˙β(t)+ ε˙α(t)+ ε˙fis(t)
, (10)
where we use ζγ = 0.45 and ζe = 0.2 (Barnes et al. 2016). The
nuclear heating rate that enters the macronova calculation is then
ε˙heat(t) = ftot
[
ε˙β(t)+ ε˙α(t)+ ε˙fis(t)
]
. (11)
3 RESULTS
3.1 Nucleosynthesis
Unless mentioned otherwise, we refer to WinNet results with the
FRDM mass model as a default. From our simulations we find an
electron distribution reaching up to 0.3, but with the majority of
matter being near 0.04. This results in a very robust r-process pat-
tern up to and beyond the third, ”platinum” r-process peak near
A= 195, see right panel in Fig. 5. For the neutrino-wind models the
picture is different: here the resulting abundance pattern is sensitive
to the details and in particular to the electron fraction of a ther-
modynamic trajectory. Consequently, the resulting pattern varies
strongly between different wind models. Due to their relative large
electron fraction (Ye > 0.25), none of them reaches substantially
beyond nucleon numbers of A= 130.
An exhaustive comparison of nuclear network results is beyond the
intention of this paper. Nevertheless, we perform a short compar-
ison between the two networks (Winteler 2012; Mendoza-Temis
et al. 2015) for one case (dynamic ejecta of run N4, NSNS binary
with 1.2 and 1.4 M; t = 100 days), simply in order to gauge by
how much the nucleosynthesis results might be influenced by im-
plementation details. In both cases we use the FRDM nuclear mass
model. The final mass fractions are shown in Fig. 6, left panel. The
overall pattern agrees reasonably well, but there are noticeable dif-
ferences in the regime from A ≈ 90 to 170, due to the treatment
of fission. We also briefly explore which impact the nuclear mass
model has on the final abundance pattern (run N4; Mendoza-Temis
network; right panel of Fig. 6). A major difference is the substan-
tially higher mass fraction of trans-lead (A > 207) nuclei when
DZ31 is used. Barnes et al. (2016) found that α−decays of these
nuclei have a substantial impact on the late-time lightcurve, see be-
low. Overall, the DZ31 model shows a closer agreement with the
solar r-process pattern, especially around the third r-process peak
(A≈ 195).
We also briefly compare the total nuclear energy generation rate
resulting from both networks (each time using FRDM, for all dy-
namic ejecta) in Fig. 7. There is good agreement between both net-
works over many orders of magnitude, only at very late stages we
find for some trajectories deviations of up to a factor of two. We
leave more detailed comparisons of the effects of different input
physics in the networks to future work.
3.2 Thermalization efficiency and nuclear heating rates
Since the various reaction products thermalize on different time
scales, see Eq. (6)-(9), the nuclear mass model has also an im-
pact on the total thermalization efficiencies. Since α-decays (due
to translead nuclei) are enhanced, we find noticeable differences
in the overall efficiencies, see Fig. 8. In all the cases ftot remains
approximately constant around ∼ 0.7, but decreases substantially
slower at late times (for t > 3 days) for the DZ31 mass model4.
Closely related, for DZ31 the net heating rate, Eq. (11), is signif-
icantly different, see Fig. 7, right panel: at late times (t > 1 day)
it exceeds the FRDM-results by up to an order of magnitude. This
has a serious impact on the resulting macronova lightcurves around
the time of the peak emission.
3.3 Optical and near-IR macronova lightcurves
One of the major objectives of our work is to explore the detectabil-
ity of macronovae using current and future wide field-of-view op-
tical and near-IR facilities, either as a result of follow-up of LIGO
triggers or through independent transient searches. Figures 9 and
10 show the expected optical and near-IR lightcurves in absolute
magnitudes for the dynamical ejecta of our brightest NSNS (N5)
and NSBH (B3) mergers, respectively. Each time, we show the re-
sults from our macronova model 1 (’MNmodel1’; see Sec. 2.4.2)
and for model 2 (’MNmodel2’; see Sec. 2.4.3), once for the FRDM
and once for the DZ31 nuclear mass model. Throughout this work
we use LSST grizy filters and 2MASS JHK and magnitudes in the
AB-system.
The dynamic ejecta in N5 has a mass ratio that deviates sub-
stantially from unity (q= 0.78), but is consistent with the currently
known mass ratios of NSNS binaries. For example, the observed
value of J0453+1559 is q= 0.75 (Martinez et al. 2015) and the re-
cently discovered PSR J1913+1102 could have an even lower mass
ratio (Lazarus et al. 2016). The left panel of Fig. 9 shows the results
for the macronova model 1, the middle panel shows MNmodel2
4 Our results here differ somewhat from Barnes et al. (2016) in the sense
that the ejecta are denser/slower. Therefore, the efficiencies can be higher
in first few days and can actually increase if the α-decays do so.
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Figure 6. Left panel: comparison of the abundances for the run N4 (1.2 and 1.4 M; t = 100 days) obtained with the nuclear reaction networks of Winteler
(2012) and of Mendoza-Temis et al. (2015), both using the FRDM nuclear mass model. Right panel: comparison of the results for the FRDM and DZ31 nuclear
mass model using the Mendoza-Temis et al. network. Note that the DZ31 mass formula is in much better agreement with the solar system abundances than
FRDM, especially in the region around the ”platinum peak” (A≈ 195).
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Figure 7. Left: Comparison of the total nuclear energy generation rates between the network of Winteler et al. (2012) and Mendoza-Temis et al. (2015), both
using the FRDM mass model. The overall agreement between both networks is good over many orders of magnitude. Right: Net nuclear heating rates for the
FRDM and DZ31 nuclear mass model (all runs N1-N5 and B1-B3; Mendoza-Temis et al. network). The DZ31 models yields consistently larger heating rates
at late times (t > 1 day).
with the FRDM mass formula and the right panel refers to MN-
model2 with DZ31. The general trends with a fainter and faster
lightcurve in the bluer bands is apparent, while the near-infrared
(NIR) lightcurves can stay bright for several weeks. We typically
have −11.5 at peak in the g band versus −13.8 in the K band.
The MNmodel2 results are about 0.7 magnitudes brighter at peak,
but decay faster at later times. Both effects are mainly due to the
time variation of the thermalization efficiency, see Fig. 8. As ex-
pected from the enhanced net heating rate at late times (see Fig. 7)
the DZ31 mass model yields peak magnitudes that are another 0.8
magnitudes brighter than for the FRDM case. At the same time,
both runs using MNmodel2 are significantly redder in the optical,
being about one magnitude fainter at peak in the g band. Addition-
ally, their g-band lightcurves peak much earlier – only half a day
after the merger versus about three days for MNmodel1.
Figure 10 shows the predictions for run B3 (1.2 M NS and a 7.0
M BH with a dimensionless spin parameter χ = 0.9). The BH
mass of 7 M is close to the expected peak of the BH mass dis-
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Figure 8. Thermalization efficiencies for the different nuclear mass models.
tribution (O¨zel et al. 2010), but the spin is admittedly high. How-
ever, if we are interested in NSBH systems that are able to launch a
short GRB, we need a large BH spin (χ≈ 0.9 ) in the first place in
order to form an accretion torus. Otherwise the neutron star is es-
sentially swallowed whole (see, for example, the discussion in Sec.
5.3 of Rosswog (2015c) and references therein) and no GRB can
be launched. Moreover, measured BH spins in high-mass X-ray bi-
nary systems tend to have large spin values (χ > 0.85), and these
systems are the likely progenitors of NSBH binaries (McClintock
et al. 2014).
In the most favorable NSBH case (MNmodel2, DZ31) a K-band
peak magnitude brighter than −16 is reached. The g band reaches
a similar brightness as for the NSNS case, but declines on a faster
time scale for MNmodel1. Again, the objects are quite red, with the
brightest magnitudes and more long lived light curves in the NIR.
Figure 11 shows the lightcurves for selected wind models (MN-
model1). The parameters of the first shown model (wind3) are
guided by the simulations of the neutrino-driven winds in the af-
termath of a 1.4-1.4 M merger by Perego et al. (2014), where
the central remnant survives for at least a few hundred milli-
seconds before collapsing into a BH. With only very few available
wind simulations, we consider this for now as representative for
neutrino-driven winds from a NSNS merger. We consider the pa-
rameters of the wind model shown in the second panel (wind4) as
representative for unbound accretion disk material (Fernandez &
Metzger 2013a; Just et al. 2015; Wu et al. 2016). The last shown
wind model (wind9) is a rather extreme case where 0.1 M is
ejected at 0.1c, while still having a low opacity due to the large
electron fraction (Ye = 0.25; the lanthanide fraction in this case is
∼ 3.5×10−5, see column six in Tab. 2).
For an efficient comparison, we have summarised the basic prop-
erties of the lightcurves for all models considered in Tab. 3. In ad-
dition to the peak magnitudes in LSST r and 2MASS J band, we
calculated the time for which the lightcurve is within 1 magnitude
of peak in those filters. All the calculated light curves available at:
http://snova.fysik.su.se/transient-rates/.
3.4 Detection feasibility
Next, we estimate the expected number of observable macrono-
vae by integrating the expected rate of neutron star mergers
(NSMs) RNSM over the comoving volume in which the resulting
macronova is observable. The expected number of macronovae ob-
servable then becomes:
nMN =
∫
z<zmax
RNSM (1+ z)
−1 dVC, (12)
where dVC is the comoving volume element and zmax is the
maximum redshift at which the macronova is brighter than
mlim. For RNSM we adopted an ”informed best guess” value
of 300 yr−1Gpc−3, see Fig. 2. To study the detectability, the
lightcurves in observer-frame grizJHK were calculated from the
time-dependent SEDs of each run using the Python package
sncosmo (Barbary 2014) to account for spectral redshift. Calcula-
tions of cosmological distances and volumes were performed using
the Python package astropy (Astropy Collaboration et al. 2013).
We assumed a cosmology with H0 = 67 km s−1 Mpc−1 and Ωm =
0.307 (Planck Collaboration et al. 2016).
The four panels in Figure 12 show representative model pre-
dictions for the expected number of MNe per year as a function of
limiting AB magnitude over the whole sky, normalised to a nominal
volumetric rate RNSM = 300 yr−1Gpc−3 (left axis) and the corre-
sponding reach in distance (axis on the right). Dashed lines at 75
Mpc and 140 Mpc show the quoted sensitivity limit for GW detec-
tions for LIGO run (Martynov et al. 2016; Abbott et al. 2016) for
NSNS and NSBH respectively. We also indicate the limiting mag-
nitudes of 60 and 180-second exposures for VISTA and LSST in J
and K band and grizy, respectively. When determining the limiting
magnitudes, we used the ESO Infrared Exposure Time Calculator5
for VISTA and a Python exposure time calculator for LSST6, as-
suming a target signal-to-noise ratio of 5. We also indicate the ex-
pected limiting magnitudes for the Zwicky Transient Facility (ZTF)
gri∼ 21.
5 https://www.eso.org/observing/etc/
6 https://github.com/lsst-sims/exposure-time-calc
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Lightcurve parameters
run rmax ∆t1mag (r) Jmax ∆t1mag (J) comment
MNmodel1, FRDM
ns12ns12 (N1) -11.24 3.59 -12.75 6.34
ns13ns13 (N2) -11.31 4.64 -12.91 7.79
ns14ns14 (N3) -11.21 3.94 -12.72 6.80
ns12ns14 (N4) -11.48 5.49 -13.05 8.78
ns14ns18 (N5) -12.36 8.13 -13.64 11.59
ns14bh7 (B1) -11.21 2.46 -13.51 7.49
ns14bh7 (B2) -11.17 3.28 -13.62 9.26
ns12bh7 (B3) -11.40 2.65 -13.97 10.08
wind1 -13.09 2.96 -13.24 5.60
wind2 -13.11 4.14 -13.52 7.79
wind3 -12.51 2.57 -12.80 4.47
wind4 -13.51 6.66 -14.21 9.82
wind5 -13.30 4.75 -13.73 8.40
wind6 -13.50 4.96 -13.99 6.82
wind7 -14.37 5.45 -15.17 8.46
wind8 -13.60 11.02 -13.46 9.68
wind9 -14.60 6.70 -15.50 9.62
wind10 -13.44 2.89 -14.07 6.33
wind11 -11.76 2.30 -14.09 5.43 κ= 10 cm2/g
wind12 -12.29 0.93 -14.26 3.63 κ= 10 cm2/g
wind13 -12.41 8.22 -12.41 11.02
wind14 -13.33 5.27 -13.82 9.91
wind15 -12.40 8.56 -12.44 10.93
wind16 -13.36 5.77 -13.91 11.97
wind17 -14.63 7.90 -15.67 10.95
wind18 -11.34 5.51 -11.34 7.69
wind19 -14.18 6.88 -13.91 12.30
wind20 -15.08 4.56 -16.33 7.20
wind21 -15.24 4.85 -16.23 7.77
MNmodel2, FRDM
ns12ns12 (N1) -11.28 1.72 -12.97 3.71
ns12ns14 (N4) -11.31 2.18 -13.15 5.35
ns13ns13 (N2) -11.24 2.07 -13.06 4.87
ns14ns14 (N3) -11.23 1.87 -12.93 4.07
ns14ns18 (N5) -11.27 3.39 -13.65 6.85
ns14bh7 (B1) -11.69 1.55 -13.69 5.08
ns14bh7 (B2) -11.61 1.77 -13.79 6.67
ns12bh7 (B3) -11.78 1.42 -14.08 7.01
MNmodel2, DZ31
ns12ns12 (N1) -11.65 3.30 -13.71 6.03
ns12ns14 (N4) -11.61 4.48 -13.95 7.49
ns13ns13 (N2) -11.67 4.59 -13.99 7.31
ns14ns14 (N3) -11.59 3.42 -13.64 6.22
ns14ns18 (N5) -11.77 6.63 -14.57 9.60
ns14bh7 (B1) -12.06 3.41 -14.53 7.66
ns14bh7 (B2) -12.04 5.60 -14.92 9.64
ns12bh7 (B3) -12.21 5.24 -15.29 10.30
ns12bh7 (B3) -8.32 0.22 -10.80 7.76 κ= 100 cm2/g
Table 3. Lightcurve parameters in LSST r and 2MASS J bands. rmax and Jmax are the absolute AB-magnitude at maximum,
∆t1mag is the time (in days), during which the lightcurve is within 1 magnitude of peak brightness. The dynamic ejecta for the
NSNS and NSBH models have κ = 10 cm2/g whereas the wind models have κ = 1 cm2/g unless their lanthanide fraction
should exceed a threshold value of Xlan > 10−3. These few cases are indicated in the table. We also explore in one case (last
line) the hypothetical possibility that the opacities of lanthanide-rich material should be substantially larger (= 100 cm2/g).
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Figure 9. Comparison of the light curves in different bands for the dynamic ejecta of the brightest NSNS binary system (simulation N5; 1.4 and 1.8 M). The
left panel shows the results for macronova model 1 (Grossman et al. (2014), fixed thermalization efficiency ftot = 0.5), the other panels show the results for
model 2 (time-dependent ftot) with the FRDM nuclear mass model (middle) and the DZ31 nuclear mass formula (right). We could have used mej,max here to
set an upper limit but the mass dependence in Eq. (2) only has a minor impact on the peak magnitude.
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Figure 10. Comparison of the light curves in different bands for the dynamic ejecta of our brightest neutron star black hole system (simulation B3). The left
panel shows the results for macronova model 1, the middle panel for model 2 with the FRDM nuclear mass model and the right panel shows the results of
model 2 with the DZ31 nuclear mass formula.
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Figure 13. Expected number of MNe for the brightest NS-BH merger
model (B3) and the hypothetical case that the effective opacity should be
as large as κ= 100 cm2/g (using the results from the DZ31 mass formula).
The markers show the expected depths as in Fig. 12.
Here we have concentrated on a selection of the avail-
able models (N2, N5, B3 with DZ31 and wind20). Given
the assumed rate of NSNS mergers, we can deduce the num-
ber of observable events for any given survey. We have done
the calculations for these two given existing/upcoming facil-
ities, but the community can use this for any of their fa-
vorite surveys. These calculations are also provided under
http://snova.fysik.su.se/transient-rates/.
Figure 12 also allows to read off the relative efficiency to
detect NSNS mergers in the different passbands. The lightcurves
show that more flux is expected for longer wavelengths, indicat-
ing that near-IR surveys would be particularly suitable. However,
given the difficulty for ground based instruments to observe at these
wavelengths, it is reassuring that also optical telescopes have a
good sensitivity for macronova detections. The figure shows that
in this particular case, one minute exposures in the optical bands (i)
can be as efficient in detecting the merger.
Fig. 12 is based on the best currently available opacity infor-
mation. The opacities for dynamic ejecta, however, have just begun
to be explored and are therefore not very accurately known. We
therefore explore also the hypothetical case that the dynamic ejecta
opacities should be as large as 100 cm2/g, see Fig. 13. If such ex-
treme opacities should be realized in nature, this would substan-
tially deteriorate the detection prospect for the dynamic ejecta.
The above feasibility study shows that there are indeed
prospects for finding optical and NIR emission from macronovae
with large telescopes. More than a handful of events would be ex-
pected each year, distributed over the entire sky. In fact, if a sur-
vey such as LSST would allow high enough cadence (about once
per night) in multiple filters, one could even discover macronovae
without a trigger. Such un-triggered searches have already started,
but are hampered by both difficulties in subtracting faint transients
on potentially bright host galaxies, and by the background of su-
pernovae (Doctor et al. 2016). The most interesting prospects for
c© 2016 RAS, MNRAS 000, 1–??
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Figure 11. Lightcurves of selected wind models in different bands. The parameters of ’wind3’ (left) are inspired by neutrino-driven winds in the aftermath of
a NSNS merger, those of ’wind4’ (middle) by unbound torus material (stages IV, VI and IX in Fig. 1) and ’wind9’ is similar to ’wind4’, but with slightly more
optimistic parameters.
finding them clearly comes in connection with triggers from either
GW signals or high-energy emission (Gamma-ray bursts).
3.5 Follow-up of LIGO triggers
The optical follow-up of gravitational wave signals is currently a
large effort within the transient community (Abbott et al. 2016c).
We can now relate our model predictions with ongoing surveys
such as iPTF (Kasliwal et al. 2016) and Pan-STARRS (Smartt et al.
2016). These are typically conducted in the r band, reaching limit-
ing magnitudes of ∼ 20− 21. This will be typical also for the up-
coming very wide area search with ZTF. For the most recent GW
signals, at a distance of 400 Mpc, the detectability is illustrated by
Smartt et al. (2016, their Fig. 9).
To such large distances, none of our models for dynamical
ejecta becomes bright enough to be detectable. Even the most op-
timistic wind models are below the detection threshold of Smartt
et al. (2016) at these distances. However, note that the current LIGO
configuration can detect NSNS mergers only out to 75 Mpc (Mar-
tynov et al. 2016). For such a distance, the wind model would be
easily detected by the search such as that by Smartt et al. (2016),
and also the more optimistic dynamical ejecta models (e.g., N5
MNmodel2 DZ31) could be detected by ZTF (Kasliwal et al. 2016)
if nearby enough. With the rate of such events assumed above, we
would expect about one such event per year, and not all may be
observable by optical telescopes.
The larger telescopes studied here (LSST/VISTA) will more
easily detect any such counterpart to a GW trigger, and as the sen-
sitivity of LIGO for NSNS mergers increases from 75 to 200 Mpc,
we will go from one event every second year to about 10 events
per year, and these events would indeed be within range for these
telescopes.
In this comparison we also note that the timescales for the
brighter models is several days, and not the very steep declines
envisioned by some groups (see for example Fig. 3 in Kasliwal
et al. 2016, and our discussion in the introduction). This is of great
importance in determining the observing strategy, and our mod-
els suggest that a nightly cadence would be suitable, with several
nights needed to establish variability. On the other hand, pursuing
the search for much more than 2 weeks, as in Smartt et al. (2016),
seems not to be warranted by these models.
We thus conclude that forthcoming surveys with the 8-meter
LSST (∼10 sq. deg field of view) and existing 4-meter VISTA (∼2
sq. deg) will be able to search for GW-EM counterparts for any
expected trigger from LIGO involving at least one neutron star with
relatively short exposures per field. With such surveys, search areas
of hundreds of sq. deg may be searched in a single night.
The feasibility of detection of coincident events is therefore
promising. For more nearby mergers within ∼30 Mpc, for most of
the models considered also surveys like ZTF would have an excel-
lent chance of capturing the lighcturves of macronovae in multiple
filters.
3.6 GRB triggers for the macronova candidate
Another way to get a trigger for a macronova event is via high-
energy emission. The best case for a macronova so far comes from
(Tanvir et al. 2013). The detection of the short GRB 130603B is
currently the best macronova candidate, the GRB had a fast decay-
ing optical afterglow and was well placed within the host galaxy
(de Ugarte Postigo et al. 2014) at redshift z = 0.356. The Hubble
Space Telescope (HST) imaging of (Tanvir et al. 2013) detected
an H-band candidate at 25.73±0.20 (F160W) at 7 rest-frame days
(9.5 in observer frame) past GRB. Simultaneous optical (F606W)
observations did not detect the source down to 28.25 (95%).
Comparison to all models shows which ones are bright enough
to explain this event as a macronova. In Fig. 15, upper panel, we
display the magnitude in the mass-velocity plane (see bottom panel
same figure) for MNmodel1 and FRDM (top) and MNmodel2 and
DZ31 (bottom). The colors of the symbols indicate the magnitude
difference with respect to the Tanvir et al. detection and thus show
that several models are within a factor of 3 of the required luminos-
ity (orange and red symbols). Therefore, if we interpret this event
as a MN, we note that the opacities can not be very different from
those used here. Even the otherwise most promising models (e.g.
model B3) would not be able to account for these observations if
the effective opacities should be as large as κ= 100 cm2/g).
The wind models provide sufficiently bright lightcurves for
the macronovae. Most notably wind model 9 matches the H-band
detection perfectly while model 7 is only ∼ 0.5 mag too faint,
which is not significant given the model uncertainties, see the right
panel of Fig. 14. The parameters of these models are close to what
is expected for unbound accretion torus material (see stage IV, VI
and IX in Fig.1). The R-band upper limit, on the other hand, con-
strains the wind used for model 8, for which 27.81 is predicted.
Perhaps even more interesting is that the brighter dynamical ejecta
models also provide light curves that match this event, see left and
middle panels of Fig. 14.
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Figure 12. Expected number of MNe for selected bright models for each of the three categories (for the dynamic ejecta we use the brighter results coming
from the DZ31 mass formula). The markers show the expected depths for a 60-second (circle) and 180-second (diamond) exposures with VISTA (J&K band)
or LSST (grizy). Square markers show the expected numbers for a depth of 21 mag in gri as expected for ZTF. On the right-hand side the y-axis shows the
luminosity distance up to which the NS merger rate was integrated to obtain nMN. The gray dashed lines show the LIGO range for discoveries of gravitational
wave signals from NS-NS mergers (75 Mpc) and NS-BH mergers (140 Mpc). Note that the results are scaled to the ”best guess” for the NSNS merger rate of
300 yr−1 Gpc−3.
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Figure 14. Lightcurves for selected models transformed to the redshift of GRB 130603B (z = 0.356) in HST-band F160W (black) and F606W (red). The
down-pointing triangles correspond to 95% upper limits.
4 SUMMARY AND DISCUSSION
The major aim of this study was to explore the detectability of
radioactively powered electromagnetic transients in the aftermath
of compact binary mergers. We have performed simulations of
neutron star mergers to extract hydrodynamic trajectories of the
ejected material. These have been complemented by trajectories
representing neutron star black hole mergers and various forms
of wind outflows that have been treated in a parametrized form.
What we denote collectively as ’winds’ can have different physical
origins such as neutrino-driven outflows or the late-time release of
accretion torus material.
Along these trajectories nuclear reaction network calculations
were performed to extract the radioactive heating rates which, in
turn, serve as input for the subsequent macronova modeling. We
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Figure 15. Comparison of our model predictions (same parameter space in
mej− vej as Fig. 4) with the H-band (F160W) observation in the aftermath
of GRB 130603B (Tanvir et al. 2013). The wind models are shown as dia-
monds, NS-NS mergers as circles and NS-BH mergers as squares. Note that
W1–3 and W4–6 correspond to models with the same mass and velocity, but
with different electron fractions, see table 2. All wind models are calculated
with MNmodel1 and FRDM, the dynamic ejecta results for NSNS mergers
(labeled ”N*”) and NSBH mergers (labeled ”B*”) are once calculated with
MNmodel1 and FRDM (upper panel) and once with MNmodel2 and DZ31
(lower panel).
have compared two different reaction networks (Winteler 2012;
Mendoza-Temis et al. 2015) to ensure the robustness of our results.
Since the r-process path for very neutron-rich ejecta meanders
through a region of the nuclear chart where no experimental
information is available such calculations are based on theoretical
nuclear models. We have therefore explored the difference between
two frequently used nuclear mass models, the Finite Range Droplet
Model (FRDM) (Mo¨ller et al. 1995) and the 31-parameter model
(DZ31) of Duflo & Zuker (1995). For the aspects explored in
this manuscript the main differences for the observability come
from different predictions for the amount of α-decaying trans-lead
nuclei. We have further compared the results of two macronova
models. The first one (Grossman et al. 2014) uses the FRDM mass
model and assumes a fixed thermalization efficiency of 50%. In
our second, and more sophisticated model, we use time-dependent
thermalization efficiencies based on the recent work of Barnes
et al. (2016) and we allow to switch between the FRDM and the
DZ31 mass model. We have calculated the resulting macronova
lightcurves in different bands for eight representative dynamic
ejecta cases, see Tab. 1, and for 21 wind models, see Tab. 2.
We find that the nuclear mass model has a decisive impact on the
results. In terms of nucleosynthesis, the DZ31 model reproduces
the solar-system r-process abundances around the platinum peak
(A=195) with substantially higher accuracy than the FRDM model.
It is worth emphasizing, however, that also other nuclear prop-
erties such as decay half-lives and fission yields have substantial
uncertainties. With DZ31 one finds substantially larger amounts
of trans-lead material and its α-decay yields nuclear heating rates
that are, at the times relevant for the macronova emission, about
an order of magnitude larger than in the FRDM case, see Fig. 7,
right panel. In addition, the thermalization efficiencies in the
DZ31 cases are increased by factors of a few. As a result, the
DZ31 macronova light curves are substantially brighter than those
obtained with FRDM.
We find that the more promising dynamic ejecta models from
NSNS mergers reach K-band peak magnitudes in excess of −15
(model N5 with a mass ratio close to the observed NSNS binary
J0453+1559; see right panel of Fig. 9), while the brightest NSBH
dynamic ejecta model reaches values beyond −16. The wind
models with parameters inspired by neutrino-driven winds from an
NSNS-merger peak below −13, while models mimicking unbound
torus matter (Just et al. 2015; Wu et al. 2016) reach peak values
of −14 and – with only slightly increased mass and velocity
parameters – they can reach close to −16 (Fig. 11).
Since more flux is expected at longer wavelengths, near-IR surveys
are particularly suitable for macronova detections. We note,
however, that exposures in optical bands (i) may be as efficient
in detecting such mergers. Since the transients are generally faint
and other sources evolving on these time scales are abundant, the
best detection chances come from events that are triggered by
either GW-signals or GRB-emission. For our adopted ”best guess
merger rate” of 300 Gpc−3 yr−1 larger telescopes such as LSST
or VISTA should detect of order 10 events per year. For mergers
within 30 Mpc ZTF would have an excellent chance of capturing
macronovae in multiple filters.
We have also explored which of our models could be plausible ex-
planations for the best-to-date macronova candidate, the transient
observed in the aftermath of GRB 130603B (Tanvir et al. 2013;
Berger et al. 2013). Adopting the DZ31 models as our standard,
several of the explored cases get close to this observation. Both
dynamic ejecta models (the non-equal mass NSNS merger model
N5 and the NSBH models B2 and B3) and several of our wind
models (wind7, wind9, wind17, wind20 and wind21) produce
transients with similar properties. We note, however, that none
of our dynamic ejecta models would be able to account for this
observation, for the hypothetical case that the effective opacities
would be substantially larger than our adopted value of 10 cm2/g
(Kasen et al. 2013; Barnes & Kasen 2013; Tanaka & Hotokezaka
2013).
The results presented here are based on our currently best
macronova models. These involve a chain of different calculations
where each has its own challenges. For example, the calculations
involve gravity, hydrodynamics, neutrino and nuclear reactions,
thermalization efficiencies and an approximate treatment of
radiation. For several of these ingredients there are substantial
uncertainties, for example for the nuclear equation of the state, the
nuclear physics near the neutron-dripline and the involved matter
opacities. Moreover, we note that our current models are not using
proper radiative transfer calculations. While the discussed results
represent the current status of our models, they certainly can and
c© 2016 RAS, MNRAS 000, 1–??
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will be improved in future.
Lightcurves, expected rates and redshift distributions are available
under: http://snova.fysik.su.se/transient-rates/.
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